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Welcome

The roughly forty staff and guest scientists in the Electromagnetic Technology Division and I
take great pride in bringing you this brief report on recent progress of our Division. We have
a long history of inventing and disseminating new standards and measurement technology.
We focus on exceptional standards and measurement methods using remarkable quantum
effects and low noise available only at temperatures close to absolute zero or 0 K (—460 °F).
This publication describes some of our recent successes.

It has always been our goal to provide U.S. industry with the best metrology in the world.
We began about thirty years ago to bring the unique capabilities of cryogenic electronic
technology to bear on metrology, the science of measurement. In many cases our technology
enables measurements that are otherwise impossible. We developed what has become the
world’s practical standard of voltage, based on integrated circuits containing tens of thou-
sands of superconducting Josephson junctions made in our own fabrication facility. We dem-
onstrated the first capacitance standard based on counting of single electrons. For materials
analysis, we perfected an X-ray spectrometer that combines the best features of two types of
existing detectors and promises to be critical in defect analysis of future semiconductor de-
vices. We have also improved our cleanroom facilities, which are critical to all of our efforts
and enable us to produce microfabricated structures smaller than 100 nanometers.

We have a long tradition of excellence dating back to the formation of our organization in
1969. Our world-leading work has resulted in many prestigious awards to our staff, some of
which are listed in Appendix C.

Whether you are our customer and use the results of our efforts, or are simply interested in
the remarkable progress our technology brings to measurements, we hope you will find this
report exciting. You will find descriptions of our recent work, lists of our publications, and
descriptions of our postdoctoral research opportunities. For the most up-to-date information,
please visit our Web site, http://emtech.boulder.nist.gov. Our website also contains a
searchable bibliography of all of our publications.

Thank you for your interest in NIST’s Electromagnetic Technology Division.

Richard E. Harris
Division Chief

Electromagnetic Technology Division

National Institute of Standards and Technology
325 Broadway

Boulder, Colorado 80305-3328

(303) 497-3678

http://emtech.boulder.nist.gov



Josephson Array Technology

Goals

To develop superconducting electronic circuit
and system technology for fundamental, quan-
tum-based DC and AC voltage standard systems;
to provide improved standards for fundamental
metrology; and to support U.S. industry’s test and
measurement applications.

Clark Hamilton operating one of the 10 V con-
ventional Josephson voltage standard systems
developed at NIST and used throughout the
world for calibration of Zener voltage references.

Customer Needs

The demands of modern technology for accurate
voltage calibrations have gradually exceeded the
capability of classical artifact standards. To meet
current needs, an international agreement signed
in 1990 redefined the practical volt in terms of
the voltage generated by a superconductive
integrated circuit developed at NIST and the
Physikalisch-Technische Bundesanstalt in Ger-
many. This circuit contains thousands of super-
conducting Josephson junctions, all connected in
a series array and biased at a microwave fre-
quency. The voltage developed by each junction
depends only on the frequency and a fundamental
physical constant; thus, the circuit never needs to
be calibrated. This allows any standards or com-
mercial laboratory to generate highly accurate
voltages without the need to calibrate an artifact
standard. This advance has improved the uni-
formity of voltage measurements around the
world by about a hundredfold. These systems are
rapidly becoming essential for meeting legal and
accreditation requirements in commercial, gov-
ernmental, and military activities.

The U.S. electronics instrumentation industry
maintains its world position through the devel-
opment and deployment of increasingly accurate,

flexible, easier-to-use instruments. Providing
U.S. industry with quantum voltage standard
systems gives these customers, with appropriate
oversight from the NIST Electricity Division,
immediate realization of the highest possible in-
house accuracy. These customers also benefit
dramatically by eliminating their dependence on
less accurate reference standards that require
frequent calibration.

We also support the standards community by
developing voltage standard systems with new
capabilities, including lower cost, increased
functionality, and ease of use. Other customers
are the superconductive electronics community
and the U.S. military, which we support through
development of novel superconductive circuits
and high-performance systems, and by providing
technical expertise.

Over the past 20 years, this project has developed
superconductive Josephson junction array tech-
nology for quantum voltage standard systems.
Groundbreaking work at NIST led to commer-
cialization of the first practical dc Josephson
voltage standard system. Recent improvements in
system design and operation have led to a trav-
eling Josephson voltage standard system that is
compact, of low cost, and transportable for cali-
bration of Zener reference standards. The tech-
nology for this conventional Josephson voltage
standard system has been completely transferred
to the private sector, where systems are produced
and supported by a number of small companies.

= .
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A 1 centimeter x 1 centimeter superconductive
integrated circuit with 32 768 SNS Josephson
junctions for the 1 volt programmable voltage
standard.

A few years ago, we developed a novel super-
conductor-normal metal-superconductor (SNS)

Technical Contact:
Sam Benz

Staff-Years (FY 2001):
3 NIST staff
1.25 Other staff

The voltage pulse
developed by
each junction
depends on
fundamental
physical constants
and never needs

to be calibrated.



Groundbreaking
work at NIST led to
commercialization
of the first practical
DC Josephson
voltage standard

system.

Our present
primary goal is to
develop the world’s
first quantum
mechanically
accurate voltage
source for both AC
and DC metrology.

We provide
systems and
support to NIST
and other national
metrology
laboratories for
Josephson voltage
standard systems.

junction technology that adds the features of
stability and programmability to the accuracy of
conventional Josephson voltage standards. Pro-
grammable Josephson voltage standard systems
based on these junctions have been delivered to,
and installed in, a number of metrology experi-
ments — namely the Watt-balance experiments at
NIST and Switzerland’s Federal Office of Me-
trology (OFMET) and the metrology triangle
experiment at France’s Central Laboratory for
Electrical Industry (LCIE), where these features
should reduce the uncertainty of the experimental
measurements.

Charles Burroughs with the 1 volt programmable
voltage standard system showing (left to right)
the low thermal probe, the microwave and high-
speed bias electronics, and the computer control.

The NIST Electricity Division (811) is interested
in improving the internal efficiency of its mainte-
nance and dissemination of the volt through the
development and deployment of an improved
one-volt programmable voltage standard. This
year we collaborated with Electricity Division
staff to develop a Josephson voltage standard to
be used directly in the customer calibration chain.
This system has been completed and delivered to
the calibration lab in Gaithersburg, MD.

Technical Strategy

Our present primary goal is to develop the
world’s first quantum-mechanically accurate
voltage source for both ac and dc metrology. The
device is effectively a digital-to-analog converter
capable of synthesizing arbitrary waveforms
using the perfectly quantized pulses of Josephson
junctions. The concept for this new device was
co-invented by NIST and Northrop-Grumman
researchers in 1996. Present ac voltage calibra-
tions are done using ac-dc thermal voltage con-
verters. A quantum-based ac source would pro-
vide an entirely new instrument and methodology
for ac metrology. Its use as a stable generator of

accurate arbitrary waveforms would also be
useful for calibration of other scientific instru-
ments, such as ac voltmeters, spectrum analyzers,
amplifiers, and filters. The major challenge of
this technology is to achieve practical output
voltages by developing improved broadband
circuits and novel submicrometer junctions.

We will develop an ac voltage source with an
output voltage of 1 volt.

Paul Dresselhaus demonstrates a waveform
synthesized with the Josephson arbitrary wave-
form generator.

The concept of an arbitrary-waveform generator
with quantum mechanical accuracy has enabled
the possibility of making a quantum-based ther-
mometer. The quantum-based waveform genera-
tor can be used to synthesize an equivalent noise
voltage with a known, calculable noise spectrum.
This quantized noise source can be used to cali-
brate the correlator measurement electronics of a
Johnson noise thermometry system. In collabora-
tion with the Chemical Science and Technology
Laboratory’s Process Measurements Division
(836), we have begun development of this new
quantum-based electrical thermometer.

We will develop a quantized voltage noise source
for calibration of a Johnson noise thermometer.

Accomplishments

m NIST operates 1 V Josephson chip on a
cryocooler — In collaboration with Sandia Na-
tional Laboratories and NASA, NIST researchers
have successfully operated a 1 V conventional
voltage standard chip on a 4 K cryocooler. Guest
researcher Clark Hamilton designed a cryopack-
age that was compatible with the Josephson
voltage standard. The cryostat was built by Cryo
Industries of America, Inc. Dr. Hamilton installed
75 GHz waveguide and dc wiring for biasing the
superconducting chip. Hypres, Inc. provided a 1
V array chip that was mounted on a copper block



for efficient cooling. All the components were
assembled and cooled to 4 K using Leybold’s
Coolpower 4.2 LAB cryocooler, which includes a
two-stage Gifford-McMahon cryocooler and a
CTI 8200 2.1 kW compressor. The cryocooler
provides 0.25 W of cooling power at 4.2 K. The
chip was successfully cooled to 4 K, where the
Josephson junctions produced the appropriate
zero-crossing constant-voltage steps that are
necessary for conventional voltage standard
operation. The cryocooler and cryopackage are in
use at Sandia National Laboratories.

m  NIST demonstrates remote operation of 10
Volt Josephson voltage standard system — At the
June 2001 Combined Calibration Group (CCG)
meeting, Charles Burroughs demonstrated the
new Windows version of the control software for
the conventional 10 Volt Josephson Voltage
Standard (JVS) system. This software is the first
to provide remote operating capability of JVS
systems. A laptop computer with a modem con-
nection in a conference room in Gaithersburg was
used to dial-up the 10 V JVS in the Josephson
Array Technology Lab in Boulder. Complete
remote control of the system was demonstrated
by performing a number of calibrations. The new
software will replace older DOS-based software,
making the system compatible with current
computer hardware and software. Remote opera-
tion will reduce operating costs of JVS systems
by allowing an operator (or repair expert) to
monitor, control, and diagnose JVS systems from
any location. Additional enhancements will allow
JVS operators to collect statistics and perform all
the capabilities of the earlier DOS-based soft-
ware. VMetrix, LLC (Clark Hamilton) and Uni-
versal CADD (Rich Jones) have been contracted
to do most of the programming.

m  Uniform Ti-barrier Josephson junction arrays
for ac Josephson voltage standard — We have
made the first uniform arrays of Josephson junc-
tions using titanium as a junction barrier material.
We have focused on using Ti because it can be
reactive ion etched with the superconducting Nb
electrodes. Paul Dresselhaus and Jelle Planten-
berg have made a considerable effort experi-
menting with different etch chemistries to im-
prove the etch anisotropy for etching pentalayer
Nb-Ti-Nb-Ti-Nb junction stacks. For example,
the figure below shows both isotropic (right, top)
and anisotropic (right, bottom) etch processes for
a 2-junction pentalayer. The stepped pyramid
(right, top) is undesirable compared to the nearly
vertical walls (right, bottom) for the anisotropic

etch. Two vertically stacked junctions fabricated
with this process should have nearly identical
areas that very closely match the dimensions of
the photoresist. The closely matched areas of the
two junctions are essential to ensure that their
electrical characteristics are similar.

Nb-Ti-Nb-Ti-Nb pentalayer with photoresist on
top, etched with standard SFs process resulting
in an undesirable stepped pyramid profile. The
pentalayer thicknesses from bottom to top are
250 nm, 40 nm, 140 nm, 40 nm, and 140 nm.

TSia-21 SPSF§

Nb-Ti-Nb-Ti-Nb pentalayer with photoresist on
top, etched with SF; + O, process yielding a
desirable nearly vertical sidewall. Same thick-
nesses as above.

Using this new process we fabricated arrays of
single (unstacked) Nb-Ti-Nb junctions in micro-
wave circuits designed for arbitrary waveform
synthesis. These junction arrays are embedded in
microwave circuits that are used to evaluate the
junction uniformity. We successfully generated
constant-voltage steps in 1000- and 4100-
junction series arrays. This result is encouraging
because it demonstrates that the correct voltage is
generated over a significant current range for a
broad range of frequencies for this large 4100-
junction array. This indicates good junction
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The concept of an
arbitrary voltage
waveform generator
with quantum-
mechanical accuracy
has enabled the pos-
sibility of making an
electronically based
thermometer.

Improved operating
margins and a new
circuit design have
enabled us to perform
the first ac metrology
measurements of the
Josephson arbitrary-
waveform synthe-
sizer.



uniformity as well as good microwave uniformity
for the Ti normal-metal barrier. This result al-
lowed us to attempt a stacked 2-junction penta-
layer (described below).

m  First quantum voltage steps demonstrated in
an array of stacked Josephson junctions — We
have measured the first constant voltage steps in
stacked Ti-barrier Josephson junctions. This is a
significant milestone toward creating lumped
arrays of Josephson junctions for ac voltage
standards. In order to achieve higher output
voltage for future standards, all of the junctions
must be tightly packed into a size smaller than
one-quarter wavelength of the microwave drive
frequency. This lumped-array design ensures
that all the junctions see nearly the same micro-
wave power, and it is more efficient than distrib-
uted arrays because all of the microwave power
is used to drive junctions, not dissipated in a
termination resistor. For ac and dc programma-
ble voltage standards, lumped arrays will enable
increased output voltage, increased bandwidth,
increased operating margins, and operations at
lower-power.

One thousand double-junction stacks, for a total
of 2000 series-connected junctions, were fabri-
cated for the first time. The 40 nm titanium
barriers are separated by only 50 nm of niobium.
When a 16 GHz microwave bias is applied, a
constant voltage step is measured at the expected
quantized value of 66.17 mV. The voltage of the
step is constant over a 3.5 mA current range,
which is more than sufficient for operation as a
programmable voltage standard array. This
observation of constant voltage steps demon-
strates that the stacked junctions are sufficiently
uniform for application in voltage standard cir-
cuits. For each increase in the number of junc-
tions per stack, we expect to see an improvement
in operating margins. Adding a third and fourth
junction to each stack will be the next step to-
ward our goal of fabricating and observing steps
in 50-junction stacks in order to create a lumped
array 2 mm long with a 50 ohm impedance.

II .

Sam Benz optimizes the operating margins for
the Josephson arbitrary-waveform synthesizer.

m  Broadband operation of Josephson synthe-
sizer circuits — Progress has been made toward
the development of improved circuits for the
Josephson arbitrary-waveform synthesizer. A
number of filter designs were found that allow
operation at higher frequency and wider
broadband compared to previous designs. This
has led to a circuit with the largest dc output
voltage per junction to date using two series-
coupled 3750-junction arrays (for a total of 7500
junctions). Constant voltage steps were measured
on this circuit across a broad range of frequencies
from 3 to 18 GHz. Also as a result of the im-
proved filters, another circuit with 1000 junctions
was driven at a bit-stream data rate by more than
a factor of two higher than any previous Joseph-
son array circuit; the bit-stream data rate was
successfully increased from 5 gigabits per second
to 12 gigabits per second (the maximum data rate
of the HP bit-stream generator) while maintain-
ing operating margins for a kilohertz synthesized
sine wave. This result gives us confidence that
we will be able to fabricate circuits that can be
used with the fixed-speed low-cost bit stream
generator at 10 gigabits per second that is cur-
rently under construction.

m  Constant voltage steps in Josephson junction
series arrays at 10 K — NIST is collaborating
with Dr. Shoji at Japan’s Electrotechnical Insti-
tute (ETL), [which has recently become part of
the National Institute of Advanced Industrial
Science and Technology (AIST)] to develop a
higher-temperature programmable voltage stan-
dard, so that this system can operate with an
economical cryocooler. We have provided fabri-
cation development advice, circuit designs and
circuit testing. After considerable improvements



in their fabrication process over the last two
years, including the addition of 2 planarization
steps and the addition of NbN wiring, Dr. Shoji’s
group has made the first all-NbN arrays with
useful operating margins. Arrays of 4096 junc-
tions have sufficient uniformity at an operating
temperature of 10 K to generate constant voltage
steps. An array circuit was designed with differ-
ent numbers of junctions in a binary sequence to
demonstrate operation as a programmable dc
standard. The data show that each segment has a
common current bias range of 3 mA for the n=1
step. The total array voltage when all segments
are on the n=1 step is 135.5 mV. This circuit can
be used as a 10 K programmable standard oper-
ating over a range of +135 mV. The uniformity is
also good enough to begin designing circuits with
33,000 (unstacked) junctions for 10 K program-
mable voltage standard circuits. We hope to
continue this collaboration with AIST and begin
stacking the junctions for lumped arrays.

Collaborations

m  We are collaborating with Dr. Shoji and Dr.
Yamamori at Japan’s AIST to develop cryo-
cooler-compatible Josephson junctions for pro-
grammable voltage standards. The latest results
are described above in the accomplishments.

m  We are collaborating with Ian Robinson of
the National Physical Laboratory (NPL), Eng-
land, to provide a programmable 1 V probe and
chip for their Watt-balance experiment. NPL will
purchase the probe from NIST and construct their
own bias electronics and computer control.

m  We are collaborating with Northrop-Grum-
man on the development of a pulse-quantized
arbitrary waveform  generator for radar
applications. This application uses the same
pulse-quantized AC synthesis techniques as the
NIST metrology application except at radar
frequencies. We have designed and fabricated
SNS junction circuits using Northrop-Grumman
designs and demonstrated multiple-tone wave-
forms at megahertz frequencies.

Recent Publications
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measurements
using lumped
arrays.



Technical Contact:
David Rudman

Staff-Years (FY 2001):
10 NIST staff
8.25 Other staff

We have already
demonstrated a
prototype capacitance
standard based on
counting electrons

one at a time.

Nanoscale Cryoelectronics

Goals

To develop novel integrated circuits for metrol-
ogy based on the unique properties of electronic
devices operating at temperatures below one
Kelvin.

Gate
capacitor

Tunnel
junctions

Electron Ne
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Atomic force microscope image of an electron
counter, the heart of a new capacitance standard
based on counting electrons. The standard,
shown in the schematic, consists of the electron
counter, a capacitor, and a single-electron
electrometer to monitor the process (not shown).
The electron counter, based on seven nanometer-
scale tunnel junctions in series, can “pump”
electrons onto the capacitor with a error rate of
less than 1 electron in 108,

Customer Needs

We work in two principal areas: single-electron
devices and microcalorimeter-based detectors.
The goal of the single-electron project is to use
the unique capabilities of single-electron tunnel-
ing (SET) devices to create new quantum stan-
dards based on the manipulation of single elec-
trons and to develop measurement techniques
applicable to new generations of electronics that
will operate with very few electrons. The goal of
the microcalorimeter detector project is to use the
unique low-noise, high-sensitivity properties of
cryogenic electronics to create new generations
of detectors for high energy-resolution measure-
ments of radiation, from infrared through X ray.

We have also begun two new programs: work to
significantly improve Johnson noise thermometry
using state-of-the-art room temperature electron-
ics and Josephson junction voltage standards, and
work on quantum computing and quantum coher-
ence.

Single Electron Devices for Elec-
trical and Photonic Standards

The U.S. electronics industry continues to seek
improved and more accessible standards for
maintaining instrument calibration. NIST is
working to support this need through the devel-
opment of intrinsic standards based on funda-
mental physical principles, such as the volt, based
on the Josephson effect, and the ohm, based on
the quantum Hall effect. For capacitance, NIST’s
primary standard (the calculable capacitor) is a
unique instrument that is difficult to replicate,
and it currently provides the best accuracy at only
one fixed frequency.

We are focused on producing a capacitance
standard based on counting electrons. This stan-
dard will provide accurate calibrations over a
wide range of frequencies and will be more easily
replicated to meet customers’ needs. This same
technology is being explored as a way to create
new optical calibration devices based on the
production of single photons.

Technical Strategy

The creation of electronic devices capable of
manipulating and detecting individual electrons
has opened the door to the development of en-
tirely new standards and metrology tools. SET
devices are made possible by a combination of
state-of-the-art nanolithography to create the
nanometer-scale devices, millikelvin cryogenics
to cool the devices to their operating temperature,
custom low-noise electronics to operate and
measure the devices, and fundamental physics, to
understand and diagnose the operation of the
devices. Maintaining expertise and capabilities
across these fields represents the core technical
strategy of this effort.

We will compare measurements on SET devices
to theoretical models to understand the
performance and operating margins of the
capacitance standard.

At present, the main application for SET devices
within the project is to create a new capacitance
standard based on the fundamental definition of
capacitance: capacitance is stored charge per unit
voltage, C=0Q/V. By placing a known number of
electrons on a capacitor, and measuring the
voltage across the capacitor, C can be deter-
mined. A prototype of such a standard has been
demonstrated with repeatability on order of 1 part



in 10”. In order to confirm the accuracy of the
standard, a portable version must be taken to
NIST in Gaithersburg for direct comparison with
the calculable capacitor.

Using a new variable-frequency capacitance
bridge and capacitance artifacts calibrated
against the calculable capacitor, we will perform
improved accuracy measurements on the SET
standard in Boulder.

In collaboration with the Electricity Division, we
will build a new copy of the SET capacitance
standard in a portable millikelvin refrigerator to
allow transport to Gaithersburg and direct
comparison with the calculable capacitor.

With the availability of electron pumps, it may be
possible to perform unique comparisons of the
three intrinsic electrical standards: the volt (based
on the Josephson junction), the ohm (based on
the quantum Hall effect) and now the ampere
(based on counting electrons). This test, known
as the quantum-metrology triangle, will provide
new understanding and confidence in these
quantum standards. The experiments will require
a significant increase in current from the electron

pump.

We will develop a superconducting version of the
electron pump with a goal of providing sufficient
current for the metrology triangle experiments.

SET devices can also be used as tools to measure
the performance of other devices that operate
with individual electrons. Work has begun on
creating a new class of electronic devices de-
signed to produce single photons on demand.
These devices will be based on quantum dots of
semiconductor materials. To understand their
behavior, it will be necessary to measure the
electrical currents into the dots at the single
electron level. This can be done only using SET
technology.

In collaboration with the Optoelectronics Division,
we will integrate SET devices into a single photon
circuit and confirm the electrical operation of the
photon source.

Accomplishments

m  The past few years have brought to fruition
the results of a decade of research into SET
electronics. The goal of this work has been to
develop a capacitance standard based on counting
electrons. A thorough understanding of the
physics of SET devices has been necessary to
count electrons with metrological accuracy. The
fundamental error mechanisms in the electron
pump have been the subject of theoretical and

experimental investigations in the project for
several years. The development of an experi-
mental technique for characterizing individual
junctions in the pump made possible the first
quantitative comparison between experiment and
theory in the regime of very rare errors. This
comparison showed that the pump was not per-
forming nearly as well as the standard theory
predicted. Experiments and theoretical work on
the effect of photon-assisted tunneling, which is
not included in the standard theory, have shown
that this is probably the origin of the discrepancy.
This expanded theory remains a powerful tool for
predicting and diagnosing the performance of the
electron pump.

m A prototype of a capacitance standard based
on counting electrons has now been demon-
strated. The components of the standard are an
electron counter, a capacitor, and an electrometer
to monitor the process. The electron counter is
based on seven nanometer-scale tunnel junctions
in series. It can “pump” electrons onto the ca-
pacitor with an error rate of less than one electron
in 10®. The electron pumping is monitored with
an  SET-based electrometer fabricated on the
same chip as the pump, with a charge sensitivity
better than 107 electrons. The capacitor, fabri-
cated by Neil Zimmerman in the Electricity
Division (811), operates at cryogenic tempera-
tures and uses vacuum as the dielectric, resulting
in a frequency-independent capacitance.
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Demonstration of pumping electrons on to and
off a prototype capacitance standard.

To operate the standard, approximately 100
million electrons are placed, one at a time, on the
capacitor. The voltage across the capacitor is then
measured, resulting in a calibration of the cryo-
genic capacitor. This capacitance can then be
transferred to room temperature using a standard
ac bridge measurement technique. The figure
above shows the result of pumping electrons on
and off the capacitor, with a 20 second pause

To evaluate the
electron counting
capacitance stan-
dard, we will com-
pare it with the
present calculable
capacitor.

Work has begun on
creating a new class
of electronic de-
vices designed to
produce single
photons on de-
mand.



Our detectors will
help the semicon-
ductor industry to
improve yield by
identifying small
contaminant
particles.

when fully charged to measure the voltage. The
result is a value of capacitance with a repeatabil-
ity of one part in 10’

Recently the dependence of pump errors on
voltage across the pump has been measured for
the first time. This directly gives the operating
margin for the feedback that must be maintained
during operation of the capacitance standard, a
critical design parameter for the next generation
of the standard. It has also been determined that
the pump can be cycled to temperatures in the
range of 50 K without affecting the noise per-
formance. This will allow the standard to be
operated in an adiabatic demagnetization refrig-
erator, a much simpler cryogenic system than the
current dilution refrigerator.

1T um

An AFM image of electron-beam lithographically-
written contact to a single QD. The black triangle
indicates where the QD is located. The lead that
approaches the QD from the bottom is used to
capacitively couple the QD to a single-electron
transistor structure. The white lines coming in
from the left side of the micrograph are align-
ment marks.

m  The past two years have produced significant
progress towards the development of a single-
photon turnstile, a device designed to generate
single photons on demand using quantum dots
(QD) and single-electron principles. The first step
towards this end requires the development of a
process to allow electrical contact to individual
quantum dots. The process uses a combination of
photolithography, electron-beam lithography,
atomic-force microscopy, etching, and film
deposition to allow individual QD, which are
only a few tens of nanometers in diameter, to be
located and connected to microscopic leads on
the same chip. Each of the 12 steps in the process
has been executed individually with good yield,
and fabrication of a completed chip with contact
to four separate quantum dots will be pursued
next. An AFM image of electron-beam litho-
graphically-written contacts to a single quantum
dot is shown at left.

Cryogenic Detectors

The ability to detect photons with high energy
resolution and near-unity quantum efficiency will
enable new generations of spectroscopic tools to
be created. Improved energy-dispersive X-ray
spectroscopy will be used to solve a wide range
of problems in materials analysis. For example,
the semiconductor manufacturing industry needs
improved X-ray materials analysis to identify
small contaminant particles on wafers and to
evaluate very thin layers used in current device
structures.

To make this technology available to the materi-
als analysis community, NIST has licensed
several patents to two U.S. companies for com-
mercialization. Additionally, NIST’s Chemical
Science and Technology Laboratory will use this
spectroscopy to improve its own materials-
analysis capability. The National Aeronautics and
Space Administration (NASA) also needs im-
proved instruments for imaging at wavelengths
from infrared to X-ray. We are working with
NASA to bring this technology into use.

The same devices can also be used to detect
single optical photons such as are conceived to be
used in the future for quantum information and
communication systems. We are working to
apply this technology to the measurement of
these entangled photons.

Technical Strategy

Introducing a radically new technology such as
cryogenic microcalorimeters to a large commu-
nity requires creating and demonstrating an entire
measurement instrument, not just the detector. In
this case, we have developed superconducting
electronics to read the detectors, compact adia-
batic demagnetization refrigerators to simplify
cooling the detectors to millikelvin operating
temperatures, and room-temperature electronics
to process the output signals. The resulting sys-
tem makes a much more compelling case for the
technology than the performance specifications
of the detector alone. Thus, our goal is to develop
new detector systems and to apply those systems
to problems of interest to our customers.

We will provide technology transfer support to
the NIST licensees commercializing this
technology.

In the area of X-ray spectroscopy, the perform-
ance target depends on the application. For mate-
rials analysis, further improvements in energy
resolution are not as important as an increase in
the maximum count rate and collection area. This



can be achieved by the creation of multipixel
arrays of detectors. In addition to the fabrication
difficulties in making such arrays, the cold- and
room-temperature electronics to read out the
arrays must also be created. The current approach
to the electronics is to develop a super-
conducting  quantum  interference  device
(SQUID) multiplexer (MUX) circuit to read the
array, and room-temperature digital signal proc-
essing (DSP) to process the MUX signals.

We will fabricate, instrument and test a small
array of x-ray microcalorimeter detectors to
demonstrate the increase in collection area and
count rate achievable through arrays.

The application of X-ray detectors to materials-
analysis problems represents a test bed for this
technology. With a focus towards the semicon-
ductor manufacturing industry, problems in
characterization of small particles and very thin
layers of material are very important. The ability
of the detector to differentiate overlapping X-ray
lines at low energies enables analysis of previ-
ously inaccessible systems.

We will provide the Chemical Science and
Technology Laboratory (CSTL) of NIST with a
complete prototype system for collaborative use
in studying problems of interest to our
customers.

For some materials-analysis applications and for
astronomical observations, improvements in the
energy resolution at relatively high X-ray ener-
gies (6000 eV) are still needed. In addition, large-
format, densely packed arrays of detectors are
required for imaging. These are ambitious goals
that will require improved understanding of the
limitations on performance of microcalorimeter
detectors. Novel fabrication techniques will need
to be developed to make densely packed arrays,
and SQUID MUX and DSP circuitry will be
required to read out the arrays.

We will develop models of single-pixel
microcalorimeter performance to assist in
improving detector sensitivity, and will fabricate
and test novel detector designs based on these
models.

We will develop improved bulk and/or surface
micromachining techniques to allow fabrication of
dense packed arrays of detectors.

These detectors also provide remarkable per-
formance at lower energies, from infrared
through visible. In the visible, single-photon
microcalorimetry is still possible, opening a
range of interesting applications. In the field of
quantum information and communication, the
detection of single photons is a key measurement
requirement. In a new program funded through
DARPA, we are working to develop a mul-
tichannel single-photon detection system that will
allow detection and analysis of correlated pho-
tons. A similar system is also being developed
for optical imaging spectroscopy.

We will develop a single-photon microcalorimeter

system, and in collaboration with Boston
University, use it to analyze correlated photons.

With Stanford University, we will develop a 32
pixel optical imaging microcalorimeter
instrument.

For infrared applications, the goal is clearly to
develop large-format imaging arrays with high
sensitivity and energy resolution. The present
application for these arrays is in astronomy, both
ground-based and in space.

We will develop arrays of detectors optimized for
imaging infrared bolometry, along with the
necessary wiring, SQUID MUX and room
temperature DSP electronics to read the array.

Accomplishments

m  The success of the microcalorimeter detec-
tor project has been made possible by broad
expertise within the Division in such fields as
physics superconductivity, device fabrication
including Si micromachining, superconducting
electronics, cryogenic engineering, and low-
noise, room-temperature electronics. Without
expertise in all of these areas, the complete
systems that have provided the compelling
demonstrations for the power of this technology
would not have been possible. As an example,
the schematic on the next page shows a micro-
calorimeter  energy-dispersive  spectrometer
(EDS) X-ray detector system inserted into a
scanning electron microscope to allow chemical
microanalysis of materials.

The ability of the
microcalorimeter
detector to differ-
entiate overlap-
ping X-ray lines
enables analysis
of previously
inaccessible sys-
tems.

Introducing a
radically new
technology such
as cryogenic mi-
crocalorimeters to
a large commu-
nity requires
creating and
demonstrating an
entire measure-
ment instrument,
not just the de-
tector.



The key innovation
for absolute noise
thermometers is a
Josephson-junction
calculable noise
voltage source.

The success of the
microcalorimeter
detector project has
been made possible
by the broad ex-
pertise within the
division in such
fields as physics of
superconductivity,
device fabrication
including Si micro-
machining, super-
conducting elec-
tronics, cryogenic
engineering, and
low noise, room-
temperature elec-
tronics.
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Schematic of a microcalorimeter energy-
dispersive spectrometer (EDS) X-ray detector
system inserted into a scanning electron micro-
scope.

SQUID amplifer

m  The microcalorimeter detector uses a super-
conducting/normal-metal bilayer to create a
superconducting transition-edge sensor (TES).
Using the proximity effect, the transition tem-
perature of the bilayer can be selected to match
each specific application. We created an accurate
model of the proximity effect in this system,
which allows the thickness for each layer to be
calculated, minimizing trial-and-error fabrication.

m  Originally each TES was individually fabri-
cated using Al/Ag bilayers and a shadow-mask
deposition process, but recent advances with
Mo/Cu bilayers have allowed whole-wafer pho-
tolithographic processing. The TES and appro-
priate X-ray absorber are fabricated on a Si3;N,
micromachined membrane to produce the re-
quired thermal isolation. The device operates
using a current bias and extreme negative elec-
trothermal feedback, so that it self-regulates in
temperature. Absorbed X rays produce heat
pulses in the device, which are read out as pulses
of reduced bias current by a first-stage, single-
SQUID amplifier located adjacent to the detector
to minimize inductance. The output of the first-
stage SQUID is read out by a unique 100-SQUID
amplifier invented and fabricated by the Division
specifically to allow direct coupling of the signal
to room-temperature electronics. The detector is
cooled to below 100 mK by a compact adiabatic
demagnetization refrigerator, which has unique
design features that produce nearly 24 hours of
continuous operation, and days of hold time for
liquid helium.
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Comparison of resolutions of NIST microcalo-
rimeter EDS to standard semiconductor EDS.

This system holds the world record for energy
resolution for an EDS detector of 2.0 eV at 1500
eV, which is over 30 times better than the best
high-resolution semiconductor-based detectors
currently available. The figure above compares
an X-ray spectrum obtained with this system to
that from a semiconductor energy-dispersive
detector, clearly demonstrating the remarkable
improvement in resolution. The specimen was a
glass prepared by Dale Newbury of the Chemical
Science and Technology Laboratory to use as a
test standard for EDS. We have used the system
to identify submicrometer particles of materials
such as W on Si substrates, an identification
problem that is impossible with standard EDS
detectors and of great importance to the semicon-
ductor industry. It has also demonstrated energy
shifts in the EDS X-ray spectra of materials such
as Al, Fe, and Ti, depending on their chemical
bonding state, thus allowing differentiation
between a particle of Al and Al,O;, for example.

Furthermore, we have completed several effec-
tive partnerships with companies in the semicon-
ductor industry to demonstrate the usefulness of
the microcalorimeter spectrometer for practical
analysis. For example, in collaboration with
researchers at Lucent Technologies in Orlando,
Florida, we critically compared the ability of
microcalorimeter-based x-ray analysis to detect
trace Cu with that of other industrial analytical
techniques, including conventional semiconduc-
tor Energy-Dispersive Spectrometry (EDS),
Auger Electron Spectrometry, and Secondary Ion
Mass Spectrometry (SIMS).  Although only
SIMS is capable of analysis of trace Cu down to
the ~0.02 % atomic level, microcalorimeter EDS
fared very well in comparison with the other non-
destructive analytical techniques.
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A microcalorimeter EDS spectrum of 0.7 % by
weight Cu/Al alloy thin film (from Lucent Tech-
nologies) demonstrating the sensitivity of micro-
calorimeter EDS for analysis of trace Cu in the
semiconductor industry.

m In collaboration with the University of
Albany (NY), we have used the microcalorimeter
EDS to analyze ultra-thin films of TaSiN that are
under development as ion diffusion barriers in
integrated circuit (IC) interconnect structures
smaller than 0.1 micrometer. The figure below
compares the spectra taken with the microcalo-
rimeter EDS to that taken with a conventional
semiconductor EDS. The high resolution of the
microcalorimeter EDS allows unambiguous
separation of the Ta M lines from the Si K lines,
even for films as thin as 3.5 nm. Such constitu-
ent identification is impossible with conventional
Si-based EDS detectors.

2500 — ‘ : : :
o
2000f o |
Si Ko, / \o
5 O
1so0f O R%af ]
P
1000f o/ i |
Sl
500+ /o; . /O(Si Ko, satellite |
e Ma Q Si K8
L™ N\ | Ta Mpoeg,

0 T il T T
1600 1700 1800 1900 2000
Energy (eV)

EDS spectra from a 3.5 nm thick TaSiN film on Si
taken with a beam voltage of 3 keV. The solid
line denotes EDS data taken using a microcalo-
rimeter x-ray detector. Open circles denote EDS
data taken using a conventional Si(Li) detector.

Based on these types of results, two U.S. X-ray
spectrometer companies have acquired licenses
for a suite of patents covering this technology to
begin commercialization. Technology transfer to
both companies has occurred.

m  To enable more advanced applications of this
technology to materials-analysis problems re-
quires coupling the spectrometer to state-of-the-
art analytical tools, such as those available in the
Chemical Science and Technology Laboratory
(CSTL) at NIST-Gaithersburg. To this end, the
single-pixel spectrometer used in the above
research has been relocated to Gaithersburg.
Installation will be completed once a new detec-
tor is available, and the system will be used
jointly with CSTL to continue microanalytical
work on problems of interest to the semi-
conductor and other materials-intensive indus-
tries.

m In addition to X-ray detection, this micro-
calorimeter technology is being developed for
use at other wavelengths, from optical down
through the sub-millimeter. Our TES bolometers
have achieved world-record sensitivity for infra-
red radiation. This impressive result confirms the
utility of this technology for this application as
well. However, to meet the needs of NASA,
large-format arrays of these detectors have to be
fabricated, and electronics have to be created to
read out the arrays. We have developed the first
SQUID-based MUX for this purpose, and have
demonstrated it with a 1 x 16 array of TES bo-
lometers. This array and MUX have been deliv-
ered to NASA, and were first field-tested in the
spring of 2001 on the Cal Tech Submillimeter
Observatory located in Hawaii. The devices
performed as expected, and will be used for
further observations this fall.
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A photograph of an 8-channel SQUID multiplexer
chip fabricated at NIST. On the 6.4 mm chip are 8
first-stage SQUID amplifiers and one second-
stage series-array SQUID amplifier. This chip has
been used to multiplex 8 channels at 1 million
samples per second.

Our compact adia-
batic demagnetiza-
tion refrigerator has
unique design fea-
tures that produce
nearly 24 hours of
continuous opera-
tion, and days of
hold time for liquid
helium.

This system holds
the world’s record
for energy resolu-
tion for an EDS
detector.

The system has
demonstrated for
the first time EDS
energy shifts de-
pending on chemi-
cal bonding state.



The ability to read out
large arrays of de-
tectors may, in the
end, prove as impor-
tant as the detectors
themselves.

This detector tech-
nology may provide
new capabilities in
mass spectrometry.

We have also invented a new SQUID MUX
concept that (in models) will have better band-
width and 2 orders of magnitude lower power
dissipation than the present design. The first
fabrication run yielded devices that work at the
design specifications. High-speed testing and
noise analysis will be performed this fall.

m  The ability to handle the data read out from
large arrays of detectors may, in the end, prove as
important as the performance of the detectors
themselves. Even once a multiplexing technology
is developed, the huge amount of data acquired
from this system will require new room-
temperature electronics to collect and process the
information. We developed a first-generation
digital signal-processing (DSP) system and have
successfully interfaced it with the SQUID ampli-
fiers, providing the feedback required for their
operation. In collaboration with Stanford Univer-
sity, these electronics have been used with a
small array (2 x 2) of optical TES detectors (built
by Stanford) to perform astronomical observa-
tions at the McDonald Observatory. Using the
electronics, real-time data were acquired from the
Crab pulsar at higher rates than had been previ-
ously achieved. A new 32-channel system is
currently being built in collaboration with Stan-
ford.

m This detector technology has also been
explored as a means of providing new capabili-
ties in the field of mass spectrometry. The micro-
calorimeter can detect the kinetic energy associ-
ated with the impact of an accelerated ion on the
detector. We have demonstrated the use of this
energy measurement to determine the charge of
incident ions created using an electro-spray ion
source (ESI). ESI is widely used for mass spec-
trometry of biomolecules because it creates gas-
phase ions directly from liquid input. One im-
portant drawback of ESI is that it creates ions
with a wide range of charge states, leading to
many peaks in the measured spectrum of mass-
to-charge ratio. This difficulty limits the utility of
ESI for complicated samples such as mixtures.
The use of an energy-resolving detector can in
principle provide a solution to this difficulty by
allowing an independent measurement of the
ionic charge, which can then be used to decon-
volve the spectra. We have demonstrated this
technique with a variety of proteins (masses up to
77 kDa), and used this technique to analyze a
mixture of calibration proteins. While this tech-
nique showed promise, the impact-energy reso-
lution is currently insufficient for widespread
application. We have currently suspended work
in this area.

New Projects

The technical expertise in the project lends itself
to the creation of new projects. Over the past two
years two new efforts have been started: Johnson
Noise Thermometry and Quantum Computing.
Both are in the early stages, but significant results
are expected within the next few years.

Technical Strategy

The development of DSP electronics for the
detector project stimulated interest in applying
this technology to other metrology problems.
Electronic thermometers based on Johnson noise
have been limited by electronic measurement
capabilities. In collaboration with the Josephson
Array Technology Project and the Chemical
Science and Technology Laboratory, we have
begun work to develop Johnson noise ther-
mometers using state-of-the-art analog and digital
electronics. The key innovation will be the crea-
tion and use of a Josephson junction-based Arbi-
trary-Waveform Synthesizer to generate a calcu-
lable-noise voltage source to provide accurate
calibration of the amplifiers and correlators
needed to make the thermometer. The goal is to
make a highly accurate noise thermometer that
can be easily replicated for use in a wide variety
of applications.

We will develop and test the analog and digital
electronics needed to realize a new generation of
Johnson noise thermometers.

There has been considerable worldwide interest
in using coherent quantum states as a new type of
“bit” (qubit) in a computer. To date the most
successful demonstration of this concept has used
a few trapped ions as the qubits. There has also
been research into using superconducting devices
to establish the required coherent quantum states.
However, it has proved difficult to create devices
with coherence times long enough to be consid-
ered useful.

John Martinis has conceived of a new way of
using Josephson junctions (JJ) to create qubits for
a potential quantum computer. Extensive model-
ing of the behavior of JJ suggested that a practi-
cal qubit could be built using superconducting
circuits. The modeling, which included noise
sources such as 1/f noise, led to a conclusion that
large, rather than small, junctions should improve
performance of the qubit.

Under funding from the NSA preliminary devices
have already been fabricated based on this model.
Three iterations of the initial design have been
made and tested. Significant attention (modeling



and testing) has been paid to the microwave
properties of the inductor. The results have been
encouraging: energy relaxation times are now
compatible with the design values.

We will design, fabricate and test Josephson
junction devices as potential qubits.
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Terahertz Technology

Goals

To develop and apply electronic technology,
especially cryogenic electronic technology, in the
terahertz spectral range to measurements and
standards in support of other NIST organizations
and U.S. industry.

Customer Needs

The U.S. aerospace and defense industries are
being pushed toward both higher performance
and faster, less expensive systems. Devices
originally developed for cryogenic electronics, in
particular cryogenic bolometers and tunnel di-
odes, are often useful in a wide variety of me-
trological applications, as well as in other scien-
tific or commercial applications, not always at
cryogenic temperatures. Atmospheric scientists
use satellite-based spectrometers to monitor the
worldwide distribution of species relevant to
climate change. Security equipment manufactur-
ers are developing millimeter-wave imagers for
concealed weapons detection. And submillimeter
spectroscopy is being developed as a diagnostic
tool—monitoring species concentrations and
temperatures—for plasma processes in semicon-
ductor manufacturing. The activities of this
project focus on adapting millimeter-wave to IR
technology for the benefit of these industries,
either directly through collaborative research and
development programs, or indirectly, by im-
proving the metrological capabilities of other
NIST Divisions, which in turn make the results
available to U.S. industry.

Technical Strategy

The work of this project focuses particularly on
bolometric detectors, initially developed for
cryogenic electronic applications, but also useful
in the detection or frequency conversion of
radiation from millimeter to infrared wave-
lengths. Work on improving the sensitivity or
precision of power measurements exploits the
low noise properties of thin-film bolometers.

One focus is the development of bolometers with
ever-higher sensitivity, and their incorporation
into imaging systems based on large focal-plane
arrays. Depending on engineering tradeoffs we
make during the design phase, (i.e. between
sensitivity and other characteristics such as
operating temperature), these imagers are appli-
cable to remote sensing of the Earth, atmospheric
spectroscopy, or astronomy. Some of this work

is supported by the National Aeronautics and
Space Administration (NASA), and its contrac-
tors in the aerospace industry.

We will develop a high-sensitivity bolometer for
far-IR wavelengths with an noise equivalent
power (NEP) of less than 107*® watts per root
hertz.

Because readout is a critical element in any array
technology, a SQUID-based cryogenic multi-
plexer is being developed to provide the front-
end processing of the bolometers’ outputs. The
bolometers are superconducting films biased on
their transition edge, and operated in an electrical
substitution mode.
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Monolithic SQUID multiplexer circuit. A1 x 8
prototype has been demonstrated at pixel rates
of 1 megahertz.

Far-infrared spectroscopy at the highest levels of
sensitivity and spectral resolution has tradition-
ally been accomplished with heterodyne tech-
niques, in which the weak signal to be measured
is combined with a strong “local oscillator” and
focused onto a detector or “mixer.” The signal at
the difference frequency is then measured with an
ultra-low-noise detection system. A program is
underway to develop ultra-sensitive mixer ele-
ments based on superconducting hot-electron
bolometers (HEBs). Like the transition-edge
bolometer arrays, a major application for these
mixers lies in space-based, remote sensing. HEBs
formed of thin films of niobium and niobium
nitride have already demonstrated sensitivities
within a factor of 5 of the fundamental quantum
limit. The focus of our research, and of the most
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Staff-Years (FY 2001):
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Our large arrays of
bolometers are
applicable to remote
sensing of the earth,
atmospheric
spectroscopy, and (by
NASA) astronomy.

Recent advances in
nanoscale fabrication
make the vision of
direct rectification of
sunlight much more

realistic.



Our millimeter wave
imaging is being
evaluated for
concealed weapons
detection.

recent progress in the state of the art, lies in
extending the frequency coverage of this meas-
urement technique above 2 THz, allowing meas-
urement of a wider variety of species, and in
developing integrated heterodyne arrays.

By 2002, we will demonstrate a 2 x 2 element
heterodyne mixer array operating at 2.5 THz,
with noise temperature within a factor of 10 of
the quantum limit.

We also use superconducting bolometers to
standards-related metrology, both for audio
frequencies (where they are known as AC-DC
thermal transfer standards) and for IR frequencies
(where they are known as electrical substitution
radiometers). This project is collaborative with
the Electricity Division, which is responsible for
AC electrical calibration and metrology.

For audio frequencies, we will achieve precision
better than 1 part in 10° in AC voltage transfer at
microwatt power levels.

In addition, we are working on the application of
uncooled terahertz bolometer arrays to analyze
and diagnose problems in the etching plasmas
used for semiconductor manufacturing. These
plasmas typically contain a number of molecular
and ionic species, whose concentrations and
temperatures can be accurately monitored by
spectroscopy on their pure rotational transitions,
which lie in the terahertz spectral region. A
collaborative program with the Physics Labora-
tory, funded by the NIST Advanced Technology
Program (ATP), was started in FY 2001 to dem-
onstrate the usefulness of this technique as an
industrial plasma diagnostic, and to develop a
practical system that can be applied to it. A key
part of this program is the development of bo-
lometer arrays with sufficient sensitivity to per-
form the spectroscopy, but which are not cryo-
genically cooled, and are therefore practical for
industrial use. Based on prior work done for
other programs, a detector system based on
uncooled Nb bolometers has been designed and
built; an example device is shown in the next
figure.

By 2002,we will integrate an uncooled THz
bolometer with the Physics Lab ‘s Gaseous
Electronics Conference (GEC) plasma reactor and
backward-wave oscillator sources, and perform
spectroscopy on a CF, plasma.

We also develop thin-film bolometers, coupled to
antennas and operated at room temperature, in
applications where the very highest sensitivity is
not required. An example is millimeter-wave
imaging for the detection of concealed weapons

(clothing is transparent at millimeter wave-
lengths). In collaboration with the Electricity
Division and the Office of Law Enforcement
Standards, we are developing an actively illumi-
nated imaging system for this application, based
on a full wafer-scale array of several hundred
antenna-coupled bolometers. The technical
emphasis in this case is on development of a
practical system, rugged enough and low enough
in cost to allow for field deployment, for example
with mobile police units or in airports.

We will develop an imaging system with

reflectivity contrast less than 5 % at a range of 5
meters in a 120-element array.

T

First version of a 120-element antenna-coupled
bolometer array for detection of concealed
weapons.

In most of these programs, the lithographic
antenna forms an important component of the
system, frequently requiring as much develop-
ment as the bolometer or tunnel diode, although
its only function is the efficient coupling of
radiation to the device. We therefore perform
significant development work on lithographic
antennas themselves. These are ubiquitous in
wireless telecommunications systems (e.g. cellu-
lar phones) at lower, microwave frequencies.
The relentless drive for greater bandwidth in such
telecom systems is driving a push to raise the
operating frequencies to the millimeter-wave
range or beyond, where our present antenna
development effort is focused. Moreover, the
polarization-specific nature of antennas can
frequently be exploited to provide our devices
with additional functionality. For example, the
emittance or reflectance properties of a surface
differ for s and p polarizations of obliquely
incident radiation. This can be exploited to re-
solve the ambiguity inherent in noncontact ther-
mometry or materials analysis due to unknown
specimen emissivity. In collaboration with a



commercial semiconductor metrology manufac-
turer, we are exploring the potential of this tech-
nique.

Accomplishments
m  First electrical substitution radiometer based
on superconducting sensors — In 1997, we

completed a standards-grade, electrical substitu-
tion radiometer for measurement of mid- and far-
IR-wavelength blackbody radiation, and deliv-
ered it to the Optical Technology Division, which
is responsible for optical and IR power calibra-
tion and metrology. For an extended series of
experiments covering a range of substitution
power from 500 picowatts to 5 microwatts, the
instrument’s noise floor could be approximated
as 4 picowatts plus 7 x 10 times the measured
power. We are now assisting a U.S. manufacturer
of cryogenic radiometers with the incorporation
of superconducting sensors into its products.

m  First ac-dc thermal transfer standard based
on superconducting sensors — In 1998, we
completed and reported a set of preliminary
experiments on ac-dc transfer using similar
transition-edge bolometers. These yielded errors
varying from 50 to 150 x 107 (for frequencies
from 100 hertz to 10 kilohertz), limited chiefly by
inaccuracy introduced in delivering the ac signal
to the cryogenic reference plane.

m  First SQUID-based multiplexer for transi-
tion-edge bolometers — In far-IR astronomical
applications (both imaging and low-resolution
spectroscopy), speed, and therefore sensitivity,
are both limited by the number of pixels that can
be read simultaneously. Present far-IR bolometer
arrays are already at the practical limit for low-
temperature wire count, so further improvement
requires cold multiplexing. Over the last 2 years,
a novel SQUID-based multiplexing scheme was
conceived and demonstrated in a 1 x 8 channel
prototype. It operates at pixel rates up to 1 mega-
hertz, and has noise sufficiently low to multiplex
up to about 250 channels without degrading the
system noise.

m  First monolithic arrays of transition-edge
bolometers for space astronomy — These 1 x 8
arrays are prototypes of a new generation of
detector arrays for low-background, far-infrared
astronomy, and were spotlighted in a recent
article in Superconductor and Cryoelectronics
magazine. The Al-Ag or Mo-Au arrays are fabri-
cated on micromachined Si structures that enable
construction of closely packed two-dimensional
arrays by folding the “legs” back out of the focal

plane. The bolometers operate with a 300 milli-
kelvin base temperature requiring “He refrigera-
tion, and have a saturation power of about 5
picowatts and a time constant of about 2 milli-
seconds. Electrical NEP is phonon-noise limited
at roughly 2 x 107" watts per root hertz, the best
ever reported for an IR bolometer operating with
He refrigeration, and within a factor of six of the
best reported for any other IR bolometer.

m A novel slot-ring antenna design for un-
cooled millimeter-wave bolometer arrays -
Imaging applications in the terahertz spectral
range require large numbers of pixels, reasonable
sensitivity, and reasonable cost. One approach to
achieving all three goals simultaneously is use of
lithographic antennas to couple the radiation into
micrometer-sized detectors. In this case, the
antenna engineering challenge is to develop an
array-compatible antenna with the highest possi-
ble directivity in a completely planar monolithic
structure. This is the motivation behind a new
antenna design we have developed, in which slot-
ring antennas with finite groundplanes are pat-
terned on electrically thin substrates. Because the
application is imaging, sensitivity to radiation
from only one side of the substrate is desired, so
a planar backshort is employed to reflect radia-
tion from the backside of the substrate into the
forward direction. With the backshort at the
proper position behind the plane of the slot-ring
antenna, constructive interference occurs between
the directly received radiation and that reflected
by the backshort, increasing the directivity.
Measured beam patterns are highly circular and
exceptionally narrow (22° at -3 dB) from a
completely planar antenna. They can be arrayed
at a spacing of 1.5 wavelengths with negligible
measured effect on performance. A 120-element
array for 95 GHz has been fabricated.

m  Uncooled antenna-coupled Metal-Insulator-
Metal (MIM) junctions for IR rectification and
mixing — The ultra-low capacitance, fully litho-
graphic diodes have areas as low as 30 x 30
square nanometers and are fabricated by angled
evaporation through a free-standing PMMA resist
bridge defined by electron beam lithography. The
diodes are coupled to planar dipole antennas
designed for resonance at a wavelength of 10
micrometers. We have successfully fabricated
and tested diodes from Al-AlO-Al, Al-AlO,-Pd,
and Nb-NbO,-Ag materials. The nonlinear cur-
rent-voltage characteristics are accurately pre-
dicted by the Brinkman-Dynes-Rowell theory of
tunneling through trapezoidal barriers, both for
the nano-MIMs and for separate, micrometer-

Our 300 mK infrared
bolometers have the
best noise equivalent
power ever reported.

Our nano-MIM diodes
have clearly rectified

10 pm infrared radia-
tion.



sized Nb-NbO,-Ag MIM diodes. The latter show
barrier heights that can be controllably modified
by in-situ Ar-ion milling following the barrier
growth. The optical response of the nano-MIM
diodes to CO, laser radiation at 10 micrometers
was clearly proven to arise from classical rectifi-
cation. Previous attempts to develop fully litho-
graphic MIM diodes, on the other hand, all foun-
dered on the difficulty of separati